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TICREASE IN STABLE~-ATR-FLOW OPERATING RANGE
OF A MIXFD~-FLOW COMPRESSCR BY MEARS OF A
SURGE INHIBITOR

By Fugene B. Lagkin and Milton G. Kofskey

STMMARY

The problem of increasing the stable-air-flow operating range
of a mixed-flow coujyresgsor operating at high Impeller tip speeds
by recirculating a minimm amount of the compressor-discharge sir
and utilizing part of the energy of compression to prcduce pre-
rotation at the impeller inlet has been investigated. A descripbion
and the design principles of a surge inhibitor umed for this research
are pregented.

The results of tests of the compressor unit with the surge
Inhibitor installed showed that a considerable gain in stable-alr-
flow operating range was obtained over the range of equivalent
impeller tip speeds from 1255 to 1738 feet per second. The surge
inhibitor, although deslgned to triple the stable-air-fliow operating
range at an equivalent impeller tip speed of 1550 feet pexr second,
wasg capable of increasing the net stable-gir-flow operating range
more than eight tines its original value at this tip speed.

When the surge inhibitor was Inoperative, the efficlency and
the pressure ratic in the normal stable-air-flow operating range was
not impaired. At eguivalent Impeller tip epeeds of 1653 and 1738 feet
per second, the surge inhibltor permitted operatlion through a critical
flow condition into a stable reglon of higher efficiency and pressure
ratio. An increase of 5 points in efficlency and & corresponding
Increase of 0.63 in nressure ratio were obtained at these tip speeds.
Except where the surge inhibitor was used to pass through the critical
Flow condition at high impellier tip speeds, recirculation of ailr
caused a decrease in both pressure ratio and efficiency.
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THTRODUCTION

The operating range over which a compressor of the type used
for aircraft power plants can deliver a stable air flow is limited
for maximumm air flow by the occurrsence of sonlc velocltles somevhere
in the flow path and for minimwm air flow by the surge point, Un-
gteble alr flow, of surging, 1s accompanied by a sharp loss in
asrodynamic cmmrgnsgr performance and may cause deriouns mechanical
vibration end unstable operation in an engine installation. As the
impeller tip speed 1is increased to the high values necessary for
high pressure ratioa, the stable-alr~flow operating range of the
compresgsor is reduced until the points of maximum and minimmm volume
Tlovw coincide. At these high tip speeds, the conditions of pesk
efficlency and pesk pressure ratio are therefore usually very close
to the surge polint. Although operation of the compreassor near the
surge point is desirable for peak performance, thls procedure vecomes
undesirable in practico bacadse of tre possinili ¥ of operatlon in
thne surge reglon.

The difficulties in cbtalning efficient and ptable operation at
high impeller tip speeds and pressure ratios could be sliminated if
it were possible to supprese the surges polint and extend the stable-
air-flow operating range to lower valuss of volume flow. Exsmples
of rempearch in suppressing the surge polint and extending the stable~
air-flow coperating range are presented in references 1 and 2., The
methods that have been proposed are: modifications to Impeller and
diffuger blading, resonant chambers, stationary and rotating alr-
prerotavion devices at the impeller inlet, and recirculatfon of
compregsor-dlscharge alr to the lmpeller inlqt Anotiher proposed
method, which clrcumvents operatlon at the surge polnt ratvher than
suppresses the surge point, involves bypassing part of the compresscr-
discharge alr sround the recelver,

The problem of lncreasing the stable-alir-flow operating range
of a compressor at high impeller tip speeds by mcans of a device
cambining two of those methods has been inveatigated at the IACA
Cleveland laboratory. A minlmum amount of compressor-discharge air
is recirculated In such a manner as to utlilize part of the energy
of compression to produce prorotation at the Impeller inlet. This
principle of surge suppresalan allows the compressor to operate with
a8 quantity of veluma flow within the gtsble-air-flow operating ranze,
although the net volumes flow delivered by the campressor would
normelly be in an unstable-air-flow operating range,

A surge inhibitor designed to produce the reguired rocirculation
and prerotation wae tested in conjuncticn with e compressor con~
pisting of a mixed-flow impeller and a semivanelcoss diffuser. Previous
tests of thiep compressor (reference 3) had shown that the sir-flow
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operating range at high impeller btip soeeds was very limlted and
that the maximum pressure ratlo at an equivalent impeller +tip speed
of 1565 feet per second was higher than that at 1644 feet per mecond
and equal to that at 1740 feet per second. The effectiveness of
this surge inhibitor in extending the stable-air-flow range of the
compresscr is presentsd in this report. A descripbtlon of the surge
inhibitor and the design principles are salso glven.

SURGE INHIBITCR

Description, - The esamential elements of the surge inhlbitor
are a scroll Inltet and sn alr-acceleration passage formed by two
parallel walls. The surge lnhibltor consists of two symmetrical
gections., Phobtographs of the surge inhibitor at various stages of
agserbly are shown in figure 1. The rear section of the surge
inhibitor was mounted on the test rlg by studs neesr the inmer
dlameter; the stude were flush with the walls of the acceleration
passage. Four through bolts rrovided additional mechanical strength
and prevented misalinement of the surge inhibitor with the Inlet- .
bearing support. The assembly of the two sectiona of the surge
inhibitor ie shown in figure 1(b) and the surge inhibitor with the
inlet-bearing sunport is shown in figure l(c).

The compressor-discharge air is received from & radial outlet
on the collector case and dlrected to the scroll inlet. The scroll
inlet imparts a tangential-veloclity component to the air and uni-
formly distributes the air at the entrance of the accelesration pas-
sage. The reclrculated air l1ls bthen accelerated through the passage
formed by the parallel walls and discharged into the impeller-inlet
alr stream with a large tangential-veloclty component with respect
to the radial-velocity component. The dlameter at which the re-
circulated air enters the inlet-air stream is determined by the
inside dlameter of the lmpeller front shroud. The axial location
of the recirculated-alr discharge slot in front of the impeller-~
inlet blades is determined by the impeller front~shroud flange, as
shown in figure 2.

Dosign principles. - The surge Inhibitor has the two-Ffold function
of introducing part of the compressgor-dlscharge alr into the sir
stream at the impeller inlet amd of rotating this reclrculated alr
in the direction of impeller rotation. At any point along the peri-
phery of the recirculated-air discharge slot, the angle between the
direction of flow of the recirculated ailr and the bangent to the
point is approximately 20° (fig. 1{(a}). By the introduction of the
recirculated air into the lmpeller-inlet air estream with a large
tangential-velocity component (800 ft/sec at the design comdition),
part of the energy of compreselon is utilized to prerotate the inlet
air and thus relleve the Impeller of part of the work required to
obtain a glven pressure ratio. Because the tips of the 1mosller




4 ' "NACA RM No. E7CO5

inlet blades operate at & high Mach number and reach a condition of
crltical flow before the rest of the leading edge of the blades,
the prerotation added by the recirculabted alr in this particular
manner tends to delay the accurrence of compresslon sghocks in this
reglon, as well as to decreage the relative angle of attack of the
inlet alr on the leading edge of the impeller blades.

The deslign of the surge inhibitor was based on predetermined
performance characteristics of the campressor unit (reference 3).
The amount of air to be recirculated to the impeller inlet was
established by the quantity neceassary to triple the exlsting stable-
alr-flow operating range at the equivalent lmpeller tip speed af
1550 feet per second, The geometry of the surge Inhibitor is detew-
mined by tho quantity of campressor-discharge air necessary to be
reclrculated, the inlet- and compressor-discharge-air conditions, and
the assumed angle of flow at the discharge of tite surge 1nhibitor.
When these quantities are glven, the profiles of the passages are
determined from the continulty, the energy, and the momentum equations.
The scroll inlet was deglgned to have a unlform decrease in area
along the periphery.

APPARATUS

Compresgor unit, - The 23-blade impeller described in reference 3
1s of the mixed-flow type in that it discharges the air with an
axial-veloclty camponent. The impeller has an annulueg dlsmeter of
11,00 inches, an inlet~hub dlameter of 4,26 inches, and a maximm
tip diemeter of 14.74 Inches,

The semlvaneless dlffuser, also described in reference 3, has
an over-all diasmeter of 28,00 inches. The diffuser conslsts of a
vanelegs sectlon followed by a 32-vaned section at a dilameter of
20,67 inches.

The inlet-bearing support used in the tests of reference 3
required an alteratlon because of the surge~inhibitor installation
(fig. 2). The insertion of the surge inhibitor necessitated moving
the Inlet-bearing support farther upstream of the impeller. This
relocation placed the symmetrical alrfoil-shaped struts of the

inlet~bearing support approximately Lz inches farther upstreanm of

the impeller than in the test installation described in roeference 3,
The struts are offmet f¥dm 'a radisl line and are nearly tangential
with the inlet-bearing housing. The inlet-besaring housing wvas so
extended that the bearing itself remaslned at ite orlginal position
with reapect to the impellsr because of the fixed locatlion of the
outboard bearing for the impeller stub shaft,
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Test rig, - The compressor unit wlth the surge inhibitor was
teated in a variable-component test rig. A descrilption of a varisble-
comporent test rig is glveén in reference 4, The complete test set-
up is shown in flgure 3. A 3000-horsepower variable-frequency
Induction motor coupled to a sgpeed increaser was used to drive the
impeller.

Impeller-inlet alr was metered through & callbrated adjustable
submerged orifice and wes passed through an inlet throttle to a
large air-filter tank before entering the straight length of inlet
pipe leading to the impeller, The air was dlacharged from the large
variable-component collector case through two tangential discharge
pipes Intoc the atmospheric-extaust system. Vhen the surge inhibitor
was put into operation, part of the discharge alr passed fram the
variable-coamponent collector case through a radial pipe, a submerged
flat-plate orifice, a gate valve, and a butterfly throttling valve
to the scroll inlet of the surge Inhibitor. The gate valve, which
was used solely to prevent air leakasge when the surge inhibitor was
not operating, was fully opened after initlal surglng was encountered.

The surge inhibltor, the variable~compoment collector case,
and the inlet and diecharge pipes were lagged to minimize heat-
transfer effects betwesen the test setup and the ambient air,

Instrumentabtlon. - A standard NACA differentisl-pressure
recorder (referencese S5 and 6) was comnected to total- and static-
pressure tubes In one of the dlscharge pipes to obtain a trace of
the discharge velocity-pressure variation during the sequence of
operations of steble alr flow, surging, and recovery of stable alr
flow by means of the surge inhibitor.

The net volume flow through the compressor unit was measured
with a callbrated adjustable sulmerged orifice, The recirculated-
alr weight flow was measured with en A.S.M.E. stendard submerged
orlifice thal was preceded by 14 diamsters of straight pipe and
followed by straight pipe for 5 diameters. B

The pressure- and temperature-measuring station in the inlet
pipe was located 2 diameters upstream of the Impeller inlet and was
preceded by 10 diameters of straight pipe. The discharge messuring
station was preceded by straight pipe for a length of 12 diameters.
The measuring station in the recirculation pipe was preceded by
straight pipe for a length of 11 dlameters from the collector case.
Measurements were taken in accordance with the recommendations of
references 7 and 8.

Pressure and temperature mecasurements were taken in palrs to
eliminate erroneous readlngs, Alr pressures were Indlicated by



6 : NACA RM No. E7COb

mercury menometers wlth the exception of pressure dlfferentlals for
volume~flow measurements, which were indicated by water mancmeters.

Temperatures were meagured with callbrated iron~-constantan thnermo-
cocuples.

Tre speed of the lmpeller was messured with an electric chrono-
netric tachometer; the impeller tip speed was based on the maximum
diamster of the impellier. :

The precision with which a2ll mweasurements were made 1s estimated
to be wilthin the feollowing limits:

TOMPOTatUTE, “F 4 « o o o« « « o + o o o « s o o e a o o o ¢+ 0.5

Pressure, Inches of mercury « « ¢ ¢« « ¢ « o o ¢ o o & » o« « « £0.02

Ket wolume flow, mercent: » ¢« ¢ o ¢ v ¢ v W e o 6 o0 i o s 0.5

Reclrculated-air weight flow, nerceat ... « «+ « o =+ « « « « « +1.25

Impeller tip apeed, percent . . « ¢ &« ¢« ¢« + & ¢ ¢ « & « » o 0.5
TEST MLTHODS

Testa wore made wlth ambient lmpeller-inliet alr over a range of
equivalent impeller t1lp speeds of 1255 Lo 1565 feet per mecond
corrected to a standard IHACA inlet-air temperuture of 59° ¥, The
inlet-alr temperature varied from 72°% to 87° F for the tests with
ambient Inlet air. Tests at equlvelent impeller tip speads of 1653
and 1738 feet ner second were mede with refrigerated Inist alr a3
temperatures of -8° and -259 ¥, respectively. For all tests, thae
tonperatures of the inlet air at _any partlcular speed dld not vary
by more than iz F.

The tests were conducted in accordance with the recomocndations
of reference 7 whonever posglible. All tests wore made with open
outlet throttle and the volume flow waes varled by the inlet throttle.
Upon inltial surging of the unit, the gate valve in the reclrculation
plpe was fully opsned and the butterfly throttling valve was set
to allow the minimum amount of discharge alr neccassary to recirculate
through the surge inhibltor to suppress surging., The inlet throttle
was further closed untll surging was again encountered and tho
bubtterfly throttling valvs further opened untill surgling ccased.

This sequence of opeoration was reveated from closed to fulliy open
throttie in the recirculation pipe.
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RESULITS AND DISCUSSION

Performance calculations were made 1n accordance wlth the method
of refsrence 7. Recirculated-air weight~flow calculations were made
28 recommended by A.3.M.E. standards (reference 8). Tho data are
presented in accordance with the recommendations of reference 9.
Performance curvesg are also presented to show the Incresse in net
gtable-alr-flow operating range and the efflciency obtained with
the surge-inhibitor installation as compared with the testes of the
compressor unit without the surge inhibitor (reference 3). OCurves
showing the percenbtege of net alr welght flow necessery for reclrcu-
lation to the impeller iniet for a given lncrease in net stable-alr-
flow operabting range are alsc presented.

A typical velcclity-pressure trace taken in one of the discharge
pipes 1is shown in figure 4. The sequence of coperatlions represented

L~ mtahla adavw 1 Ay v ceT e nmA manAtramT AP atahlia atw PlArr he
LR3 e DUQULT QL -LJ-V“’ nu—l-b%, Qi L OWUYOUL T L DUGi/.LUT il LLUw Lo

the surge inhibitor. Once surging had been suppressed, the guantity
of reclirculasted alr could be slightly reduced without the recurrerce
of surge. ' -

Extension in Stable~Air-Flow Operating Range

A comparison of the stable-air-flow operating range of the
compressor unit with and without the surge luhibitor installed is
presented In figure 5, ' The performance characterlatica of the
compressor unit without the surge inhibltor were obialned from
reference 3. The maximum volume flow for a given tip speed was
found to be higher for this meries of tests than for those of
reference 3. Thls shift In the curves to higher values of wvolume
flow was probably céaused by the improved alr-flow conditions at the
impeller inlet resulting from relocation of the inlet-bearing

support 12 Inches fartheg_upstream_of the lmpsller. A more uniform

velocity distribution at the impeller inlet was established by
reducing the interference effect of the strubts and by allowing more
distance bebtween the abrupt reduction in dismeter at the inlet-
bearing support and the impeller.

The extension of the net stahle-air-flow operating range to
lower net volure flows was entirely due to the operation of the
gurge Iinhibitor. The gurge inhibitor, although designed to triple
the stable-ailr-flow operating range at an equivalent tip speed of
1550 feet per second, was capable of increasing the net stable-air-
filow coperating range more than elght times ite original value at -
this tip speed. A conslderable gain In net stable-air-flow operating
range was obtained at all impeiler tlp speeds, particularly at the
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equivalent tip sgpeed of 1653 feet per mecond, where no flexibility
in stable-alr-Tlow operating range ves previously obtalned.

At the equlvalent tlvp aspeed of 1653 feet per second, surging
occurred at approximately the seme pressiare ratio, 3.1i2 (point A
on fig. 5), as that for the compressor unlt without the surge
inhibltor, When the surge inhibitor was allowed to recirculate
encugh discharge alr to suppress surging, 1% was possible to close
the inlet throtile a small smount, to close off completely the
recirculated air, and still to malintain stable alr flow., Wien thils
aerodynsmically criticsl point was passed, a decrease 1n net egulva-
lent volume flow from 14,800 to 14,350 cubic feet per minute (polnt B
on fig. 5) was obtained without the use of the surge inhibitor. For
volume flowe less than that at point B, recirculated air was again
necessary; the net volume flow was 630C cublc feet per minute when
the maximum poseible amownt of air wae recirculated.

At the equivalent tip mpeed of 1740 feet per second, the orlginal
compressor unit (wilthout the surge inhibitor) pulsated mildly from
8 pressure ratio of approximately 3.00 tc the point of viclent surging.
With the surge inhibltor installed but not in operatlion, those
pulsations were eliminated. As previously atated, the improvement
in operational performesnce was probably due to the relocation of the
inlet-bearing support. These beneflts, however, did not change the
point of violent surge, PFPolinta A and B on the performance curve
(fig. 5) represent opersting occurrences similar to those at an
equivalent tlp speed of 1653 fest per second.

The minimum amount of discharge air necessary to be recircu-
lated for a deslred increase in net stable-alr-flow operating rangse
can be obtained from figure 6., The recirculated alr flow is
ezrpressed as a percentage of the net impeller-inlet air weight flow,
The contour for 0 percent reclrculation represents the normal surge
line of the compiressor unlt with the surge inhibitor instelled.

The broken contour line betwoen the curves at equivalent tlp speeds
of 1653 and 1738 feot per second represents condition A (fig. 5)
end 1s not a member of the family of curves indicating the amount
of alr recirculated.

Effect of Surge Inhibltor on Efficlency and Premsure Ratlo

The installation of the surge Inhibitor on the unit lmpaired
neither the efficlency nor the pressure ratic In the region of
normally stable air flow (fige. 5 and 7). The slight immrovemont
in performance characteristics at the lower equivalent tip specds
(fig. 5) can probably be attributed to the relocation of tho inlet-
bearing support.
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One of the princilpal benefits resulting from the use of the surge

inhlblitor was the S5-polnt

£ 1+ naolr sdishatis aPPieiancv 8t the
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equivalent tip speeds of 1653 and 1738 feet per second (fig, 5). The
accompanying incresse in pressure ratio was 0.63 (fig. 7). The
region of higher efficlency and pressure ratio would have beoen im-
possible to abttain on this partioular compressor unit without using

the surge inhibltor to pass through the critical flow conditlon.

With the surge inhlbitor in operation in the reglon of normally
unsgtable eir flow, a drop in pressure ratio was obtained as the net
volume flow wae reduced (fig. 8). This condition was partly a
result of the corresponding increase in the temperature and the pre-
rotation of the air at the impeller Inlet. Pressure losses at the
impsller inlet caused by the mixing of the recirculated and the
inlet air caused a further decresse in pressure ratioc and & corre-
sponding drop in efflclency.

The pressure losses at the lmpeller inlet were large for the
installation with the surge inhibitor. If the net volums Flow were
reduced by wastling part of the volume flow at the compressor dis-~
charge, the resulting efficiency would be slightly higher than that
obtained for the same pressure ratic and volume flow with the
reported method of recirculation, The pressure losses at the
compressor Inltet with the surge-inhiblitor installation were there-
fore greater than the kinetlc energy of prerctation of the reclrcu-
lated alr. In spite of these pressure losses, the use of the surge
inhibltor permitted a moderate extension of the stable~air-flow
operating range without a formidable drop in efficiency. The use
of the surge inhibitor permitted the attalmment of higher pressure
ratios and efficiencies at the high tlp speeds, a benefit which
could never have been reallzed by eimply wasting part of the alr.

Becauge of the large inlet and outlet volumes of the test rig,
the surging characteristice of thie compressor were probably poorer
than of one installed in an aircraft power plant. (See reference 10.)
The losses occasioned by the use of the surge inhibitor as part of
an engine assembly may therefore be expected to be no higher than
those reported herein.

SUMMARY (OF RESULTS

From an investigatlon of the performence of a compressor unit
with a surge inhibitor, the following results were cbtained:
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1. A considerable gain in stable-air-flow rperating range was
obtained over a range of equivalent lmpeller tlp speeds of 1255 %o
1738 feet per second, 'The surge Inhibiltnor, although designed to
triple ths stable-alr-flow operating range at an equivalent tip
gpeed of 1550 feet per second, was capable of Increasing the net
gtable-air-flow operating range more than elght times the original
value at this tlp sapeed. The efficlency and the pressure ratlo of
the compressor in the normal unstable-alr-flow operating range,
however, was less than the peak value of the corresponding equiva-
lent impeller tin speed.

2. The installatlon of the surge imhibitor on the compressor
unit did not impair the efficiency nor the pressure ratio in the
normal stable-alr-flcw operating range.

3. At the equivelent tip speeds of 1653 and 1738 feet per
gecond, the surge inhibitor permitted operation through a critical
flow condition into a reglon of higher efflclency and pressurs
ratio. An increase of S points in peak efficiency and a corre-
gponding increase of 0.63 in pressure ratio was obtained at these
tip speeds. : :

Alrcraft Engine Research Laboratory,
Rational Advisory Committee for Aeronautics,
Cleveland, Chio.
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NACA RM No. E7C05 _ Fig. 6
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Figure 6. ~ Percentage of net alr weight flow to be recirculated for given Increase
in net stable-air-~flow operating range.



Fig. 7 NACA RM No. E7CO05
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Figure 7. ~ Comparison of peak adlabatic efficiency and corres—
ponding pressure ratio of compressor unit with and without
surge Inhibitor installed.
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Flgure 8. — Performance characteristics of compraessor unit with surge Inhibltor in-
stalled.






